Abstract Liquids confined to molecular scales become anisotropic and often show pronounced self-organization such as layering. Although this effect is well accepted, it is still debated if confinement induces measurable changes of viscous friction. We use molecular dynamics to address this issue by simulating a Lennard-Jones liquid confined between a solid cylinder and an atomically smooth surface. The simulations reproduce the well-established variations of normal force, density, and diffusivity with the distance between wall and cylinder. We find high diffusivity and low density when the numbers of layers is in between integers. This observation seems to contradict most experimental results on the effective damping between atomic force microscope tips and substrates when interpreting them within continuum hydrodynamics used to connect liquid viscosity and diffusivity. This contradiction is resolved by directly extracting the damping that the tip experiences, which we achieve by using the fluctuationdissipation theorem; as in experiment, we find local minima in the damping near integer numbers of molecular layers and maxima in between. These variations correlate with distinct structural changes in the microscopic order of the fluid. We reconfirm that constitutive equations valid at macroscopic scales cannot be used to interpret confined liquids and finally conclude that viscous friction displays measurable, non-monotonic behavior with the degree of confinement.
Introduction
The dissipation in liquid layers confined to a few nanometers plays a crucial role for friction experienced by lubricated contacts [1, 2] . While there is overwhelming evidence that simple liquids can be described by standard continuum models using the bulk viscosity and density down to length scales of 10 nm, deviations occur when the liquid thickness is reduced to a few molecular diameters [3] . Seminal work using the Surface Forces Apparatus (SFA) established that the presence of solid walls induces a layered structure in the liquid leading to the so-called oscillatory solvation forces [4] . X-ray reflectometry studies [5] as well as theory and numerical simulations [6, 7] demonstrated the existence of an oscillatory density profile, which decays approximately exponentially with a decay length of a few molecular diameters as a function of the distance from the wall. While this behavior of the conservative forces is well understood and has also been reproduced for nanoscale contacts in early Atomic Force Microscopy (AFM) experiments [8] , the dissipative behavior of nano-confined liquid films is heavily debated. In the SFA community, slightly different measurement techniques for nominally identical systems produced highly incompatible experimental results with interpretations ranging from confinement-induced solidification [9] or a glassy response [10] to bulk-like dynamics for liquid films of even just a few molecular layers thickness [11] [12] [13] . SFA measurements are limited to film thicknesses of integer numbers of molecular layers due to a mechanical (''jump-to-contact'') instability. In contrast, dynamic AFM allows for a more complete characterization of the conservative forces and the dissipation including in particular film thicknesses corresponding to non-integer numbers of molecular layers. Notwithstanding early controversies [14] [15] [16] , there is a growing consensus that the dissipation experienced in lubricated single-asperity nano-contacts varies in a non-monotonic manner as a function of the thickness of the confined liquid film: Qualitatively similar behavior was observed for a variety of liquids including the simple Lennard-Jones liquid Octamethylcyclotetrasiloxane (OMCTS) [17] [18] [19] , dodecanol [20] , and water [21] (also depending on the ion concentration [22] ). Although, chemical details are known to qualitatively alter the friction forces [23, 24] , this similarity in observations using a large variety of liquids with rather disparate molecular properties and solid-liquid interactions [25] suggests the presence of a generic underlying principle.
In this letter, we describe equilibrium molecular dynamics (MD) simulations of a confined Lennard-Jones liquid that mimics the experimental conditions of AFM experiments with OMCTS and graphite surfaces. Early non-equilibrium simulations [26, 27] , applied to study the dissipative properties, were often performed at high shear rates while only for sufficiently low velocities the experimentally examined Stokes friction can be extracted [28] . Instead, we analyze the temporal fluctuations of the force and make use of the fluctuation-dissipation theorem to extract the dissipation from our equilibrium simulations. Therefore, and in contrast to previous equilibrium MD simulations of confined liquids [29, 30] , our study is not limited to the equilibrium properties such as density profiles, oscillatory solvation forces, and diffusivities. In this manner, we reproduce for the first time the distance dependence of the damping measured in AFM experiments. Figure 1 shows the typical experimental situation and experimental result that we want to study in our simulations. Such AFM experiments are carried out in dynamic mode where the AFM cantilever is driven to oscillate sinusoidally at kHz frequencies in the vertical direction with an amplitude that is small compared to the diameter of the molecules. The resulting motion of the AFM cantilever is affected by both the conservative and the dissipative forces mediated by the confined liquid underneath the tip. The average distance between tip and sample is slowly decreased at a typical speed of \1 nm/s. Measuring the inphase and the out-of-phase component of the response of the AFM cantilever, the conservative interaction stiffness k int and the dissipative interaction damping c int can be extracted (see e.g. [18] ). As shown in Fig. 1c , c int displays pronounced maxima at the distances of the minima of the stiffness. Despite the dynamic character of the experiments, it should be noted that the typical time scales for generating an experimental data point (*10 ms) are very long compared to molecular time scales. As a consequence it is plausible to assume that the experimental data correspond to a succession of equilibrium states.
Background and Technical Aspects
To mimic this situation numerically, we built the system sketched in Fig. 2 . It consists of two solid surfaces of graphite, each consisting of at least ten layers of atoms, all fixed to their lattice sites in the characteristic honeycomb structure of individual graphene sheets. The AFM tip is mimicked by a shell of LJ atoms, equally fixed to their fcc 
, where e i and r i are the interaction strength and particle sizes for particles i (tip: r t = 0.3 nm, e t = 6.84 kJ/mol, substrate: r s = 0.142 nm, e s = 0.3598 kJ/mol and liquid: r l = 0.77 nm, e l = 2.85 kJ/mol [31] ) in the system. Commensurability will significantly affect the frictional forces [26, 32, 33 ]. Thus, we tested and found that our solid walls and the liquid are all incommensurate. For the interactions between different kinds of particles we used the Lorentz-Berthelot combining rules and the interactions are cut-off at a distance of 2.5 molecular diameters. The tip is placed in the middle of the simulation box creating two gaps of equal width at the top and at the bottom of the graphite surface, respectively. While the tip is cylindrically symmetric, the simulation box is cubic (lateral dimensions *45 9 45 nm) with periodic boundary conditions in x and y. The simulations are carried out as follows: the system containing approximately 100.000 liquid molecules is first equilibrated for 60 ns at a constant temperature and pressure of T = 0.88 e/k B and P = 3.3 e/r 3 , respectively. Since confinement can move the liquidsolid transition line in the phase diagram [34] , the vicinity to the melting point may affect our results, in the simulations and experiments alike. Temperature and pressure are kept constant using Toxvaerds implementation of the Nosé-Hoover thermostat and barostat [35] . Integration of the equations of motion is carried out using the leap-frog Verlet algorithm [36] . Following equilibration, barostat and thermostat are turned off and we let the system evolve at constant particle number N, volume V, and energy E for another 16 ns. The forces acting on the tip are calculated from these runs at constant N, V, E. Simulations are carried out for various spacings between the solid surfaces leading to gap widths D ranging from 0.5 to 3.9 nm.
Results
We first analyze the equilibrium properties of the system. Figure 3a shows the density profiles of the liquid averaged over the two gaps for a cylindrical tip with a flat bottom/top at a variety of gap widths. The liquid displays strong density oscillations as expected. Note that there is a slight asymmetry between the density maxima adjacent to the graphite surface and the tip surface, which arises from the different strength of the interaction parameters. The average force exerted on the tip by the liquid molecules displays the expected oscillatory shape and decays to zero at the largest distances (see green squares in Fig. 3b ). The orange triangles in Fig. 3b show the number of atoms in the gap. Note that this curve displays pronounced plateaus with a fixed number of molecules over a substantial range of gap widths. This behavior reflects the stability of the molecular layers. As the gap width is varied, these layers remain intact without changing their internal structure (density in two dimensions) substantially. Merely, the average distance between the layers is decreased (see also Fig. 3a ). During this compression the average density in the gap increases by [10%. Only upon exceeding a certain maximum density, retaining a fixed layer structure becomes unfavorable and the system adopts a new configuration with one molecular layer less. As shown in Fig. 3b , the plateau regions with a well-defined number of molecular layers and the transition regions with a more disordered structure are approximately equally wide for this configuration of a cylindrical tip.
For spherical tips, plateau and transition regions become much more blurred (data not shown). Nevertheless, snapshots of the density of the molecules confined between a spherical tip (R tip = 15 nm) and a flat surface, time-averaged over the entire simulation run, still display a clear layer structures (Fig. 4b-f ). For gap width of 4.3, 4.0, and 3.6r four layers are clearly discernible under the tip. At the largest gap width the molecules in the middle appear as a diffuse band. This reflects their high mobility on the time scale of the simulations. At the lower gap widths, the atoms become more localized and appear as bright spots, like the atoms in the layers immediately adjacent to the solid surfaces. Since the atoms do not move during the entire simulation run, the system may be considered as crystallized under these conditions. To quantify the variations of the atomic mobility we trace the mean square displacements of the atoms in the region underneath the spherical tip. This analysis reveals two aspects: first, the mean square displacements (MSDs) increase linearly in time within the time window of the simulations, both for the x-y and for the z-direction. The linear behavior of the MSDs allows for the definition of diffusion coefficients D xy and D z , being the slope of the means square displacement versus time. Second, the MSDs are highly anisotropic (see Fig. 4a ). While D xy and D z are small compared to the bulk diffusion coefficient, D xy is still substantially larger than D z . Qualitatively, a reduction of the diffusivity is of course expected. Already macroscopic fluid dynamics predicts a reduction of the diffusivity due to the interaction of the diffusing atom with its image on the opposite side of the wall [37] [38] [39] . Yet, the variations observed here are non-monotonic and reflect the layered structure of the liquid. The increase in density under the tip-and hence the decrease in space available for the siteexchange processes required for molecular diffusion-lead to a dramatic reduction of the diffusivity as the layers are compressed. Once the gap width is reduced to such an extent that the number of layers is reduced, the average density decreases again and molecules can diffuse faster again (Fig. 4e) .
While the variations of the diffusivity are substantial, they are most pronounced at rather large separations, where the dissipation measurements do not reveal any structure yet (cf. Fig. 1c) . Moreover, we observe an increased diffusivity for distances with a low density. Using continuum theory to directly convert the diffusivity to a viscosity, would imply an increased damping for distances with a high density. While in AFM experiments the opposite is often observed. Furthermore, it is well known that tip and liquid diffusivities do not have to agree [40] . Thus, a comparison of AFM data and MD simulations cannot be done on the level of diffusivities [41] . A comparison is only directly possible on the level of the damping that the AFM tip is expected to experience as a consequence of the molecular motion under the tip. To this end, we note that the forces exerted by the liquid onto the cantilever are not constant but fluctuate in time. On picosecond time scales these fluctuations are not completely random but display clear correlations: if some fraction of the molecules collectively moves in one direction at time t 0 and thereby exerts, e.g., an excess force, DF t 0 ð Þ ¼ F t 0 ð Þ À F h i then its excess force also points in the same direction at time t 0 ? Dt, provided that Dt is sufficiently short compared to the relaxation time of the system. This memory of the fluid determines the macroscopic dissipation in the system at long times. So using the fluctuation-dissipation theorem [42] , the macroscopic damping coefficient c on the long experimental time scales is given by the time integral of the autocorrelation function of the force fluctuations [43] [44] [45] :
It turns out that the force fluctuations display a strong autocorrelation for gap widths that correspond to the transition between two adjacent plateaus of particle numbers [41] . At these distances, the correlations display a rather long life time of several ns. In contrast, in the plateau regions, the correlation is rather weak and decays quickly on the ps time scale. Figure 5a shows the resulting damping coefficient for a flat cylindrical tip as a function of thickness for the motion in the vertical direction (c z -blue squares) and for the lateral motion (c xy -red triangles). For gap widths below 2.5 nm pronounced variations as a function of the thickness are found for c z . In the plateau regions of Fig. 3b , the damping coefficient of Fig. 5a is small and similar to the value at large distances. In the transition regions; however, c z is enhanced by one, two, and three orders of magnitude for 3 $ 2, 2 $ 1, and 1 $ 0 layers, respectively. Simultaneously, the relaxation time of the system for motion along the z-direction varies between at most 100 ps in the plateau regions and 1-2 ns in the transition regions (Fig. 5b) . In contrast, the dissipation coefficient for the lateral dynamics, c xy , displays within the noise no observable enhancement in the transition regions 2 $ 1 and 1 $ 0. Note that this result is consistent with the maximum of tenfold increase observed for non-commensurate systems in non-equilibrium simulations [46] . These variations in the damping and relaxation time are strongly correlated with accompanying variations in the structure of the film. Figure 5c shows that the number of nearest neighbors in the film varies strongly as a function of the thickness. In the plateau regions, the films are highly ordered with a sixfold coordination. In contrast, in the transition regions the films are more disordered and the number of nearest neighbors within the layer decreases down to four. Snapshots of the atoms in the layers reflect that picture (Figs. 6, 7) . In particular, Fig. 6 illustrates rather the complex patterns arising when two hexagonal layers are stacked on top of each other at different degrees of confinement: Fig. 6a shows the configuration of molecules at D = 2.2 nm. There are two layers between the tip and the surface. Each layer has an in-plane hexagonal structure. Since r l = 0.77 nm, there is a lot of free space in the gap. At this distance the hexagonal lattices of the two layers are free to move with respect to each other. When the distance is decreased to D = 1.9 nm (Fig. 6b) , N gap remains the same and the molecules are in the same inplane hexagonal structure. However, the orientation of the two layers with respect to each other has changed. The molecules in the top layer mostly reside in between two molecules in the lower layer. In some regions, the molecules in the top layer occupy the threefold hollow sites as in the regular stacking of close-packed crystals. When the distance is decreased further to D = 1.7 nm (Fig. 6c) , N gap is still the same and the molecules are still overall in the same in-plane hexagonal structure. However, almost all molecules in the top layer now reside in the threefold hollowsites of the bottom layer. Yet, the in-plane hexagonal structure is no longer perfect, but shows defects and grain boundaries and in some regions the molecules have positioned themselves in an in-plane quadratic arrangement with only 4 nearest neighbors. This tendency is enhanced when D is further reduced and the transition to just one layer is approached. These transitions in the layer structure are reminiscent of the structural variations in confined liquid films between elastic substrates reported earlier by Persson [33, 47] .
Discussion
The results presented here provide the first numerical confirmation of the rather generic experimental observation that the dissipation in confined liquid films shows distinct maxima and minima as a function of the gap width. Moreover, the maxima in the damping are found at transition distances 3 $ 2, 2 $ 1 and 1 $ 0, very similar as observed experimentally. Throughout all our simulations, we found no indication that the system can get arrested in non-equilibrium states. The system always converged towards the structures shown above, irrespective of the initial conditions. From a physical perspective, this may not seem surprising given the typical time scales of molecular motion and the small size of the system. Yet, various experimental studies in the literature reported a strong dependence of the mechanical response of the liquid under investigation on the (very slow) approach rate of the cantilever (*Å /s) [17, 21] . A qualitatively similar dependence was reported in SFA experiments [10] . We suspect that this dependence is related to the rather large lateral dimensions of the confinement region in these experiments:
The tips in the two AFM experiments were rather blunt with tip radii of order [500 nm [48] . Under such (a) (b) (c) conditions, it is easier to conceive that the molecules get ''jammed'' into some non-equilibrium configuration than for the system studied here, which displays nano-scale dimensions in all directions.
It is also interesting to compare the present results to previous interpretations of so-called confinement-induced solidification. For the present system, the material in the gap clearly crystallizes provided that the gap width corresponds to one of the plateau regions. At the same time, the dissipation due to the confined film remains at a very low level-and is in fact compatible with the same (noise) level that is also found at the largest gap widths: The dissipation of a thin solid film is just as low as for a thicker liquid film of small viscosity. This indicates that the dissipation experienced by an AFM cantilever oscillating in the vertical direction is not sensitive to a possible solidification of the layer. Similar conclusions apply for the tangential xy motion. Distinguishing between the two states seems to require a different experimental technique.
The data shown in Fig. 5 refer to a cylindrical tip with a flat bottom. Unless a specific treatment is given to the tips (see e.g. [49] ), this deviates from the typical experimental situation in AFM with round tips. Quite generally, one expects that the effects described above become smeared out when the cylindrical tip is replaced by a spherical one, because the net force experienced by the tip results from an average of regions with varying gap width. Figure 8 shows that this is indeed the case for two examples, namely cylinders for which the bottom sides were rounded with radii of curvature of 45 nm (a) and 15 nm (b), respectively. Despite that the data is still preliminary, it is clear that both the amplitude of the oscillatory solvation forces as well as the local maxima in c are less pronounced (note the different scale on the ordinate as compared to Fig. 5a ). In fact, the decrease of the oscillatory forces between Fig. 8a and b is roughly one-third and consistent with a constant value of F/R (R being the tip radius), as expected based on the Derjaguin approximation [50] . For the sharp tip of 15 nm radius, most of the variations in the damping have disappeared. Only one pronounced peak is left, which is related to the squeeze-out of the last layer. The latter, however, might be somewhat artificial in our simulations since the substrates in our model are perfectly stiff. In reality, the finite elasticity of primarily the soft graphite surface is likely to affect the squeeze-out process [33, 47] . Moreover, the specific shape of the tip will affect the pressure distribution in the contact area and friction forces [51, 52] and is thus expected to affect the structure and dissipation in our system as well. Experiments suggest that the relative position of the peaks in the damping with respect to the conservative forces depends on the tip geometry [19] . In the simulations the shift was less pronounced. This might be related to the more complex geometry of real tips. This again implies, that the exact tip shape will have a significant effect on the measured damping. Finally, we would like to comment on an alternative way of characterizing the ''rheological'' properties of the confined films, as it is frequently studied in experiments as well [10, 53] . By calculating the Fourier transform of the force-autocorrelation function, we can extract the conservative and the dissipative response of the system for the entire spectrum of frequencies. In a macroscopic system, this procedure yields the frequency-dependent storage and loss modulus, G 0 and G 00 , respectively, of a system. The corresponding quantities C 0 and C 00 for the present system are shown in Fig. 9a for D = 1.5 nm (i.e. in the transition region 2 $ 1) and in Fig. 9b for D = 1.9 nm (i.e. in the 2 layer plateau region). These results are again characteristic for other data obtained in transition and in plateau regions, respectively. Clearly, the mechanical response at both distances quite different. The storage modulus C 0 in Fig. 9a , which represents the elastic response of the confined liquid molecules on the tip, is approximately constant over this frequency range. On the other hand, the loss modulus C 00 , which represents the dissipative properties measured by the tip, increases linearly with slope 1. This response is very close to the typical characteristics a soft glassy material [54] . This conclusion is consistent with the exponential, Maxwellian decay found for the autocorrelation in the force fluctuations (data not shown), which indicates liquid-like behavior for low frequencies. Although, longer simulations are required to confirm this. Figure 9b shows C 0 and C 00 for D = 1.9 nm (in between the peaks in the damping). Both the storage modulus and the loss modulus increase with a slope of approximately 0.5. This response indicates gel-like behavior and the existence of several relaxation processes. The linear increase of both C 0 and C 00 is consistent with the algebraic decay we found in the autocorrelation of the force fluctuations (data not shown).
These results indicate the behavior of the liquid is more complex than just a viscous liquid or an elastic solid. However, further research and especially longer simulations are required.
Summary
In summary, we showed that MD simulations of simple confined Lennard-Jones fluids are able to reproduce the characteristic peaks of excess dissipation that were found in a series of recent AFM experiments on confined fluids. The simulations suggest a generic relation between the dissipation measured in AFM experiments and the molecular scale packing of the molecules in the confined liquid layers. Highly ordered layers display little dissipation-a less ordered structure entails excess dissipation.
